Introduction
Faba bean (Vicia faba L) is one of the older crops of the world and its cultivation dates back to small holder Bronze Age farms in the Mediterranean region [1] . Today, it is a global legume grain crop with 4.7 million tonnes produced annually over 3.4 million hectares (FAOSTAT 2015) [2] . However, despite its age and commercial importance, and the fact that it is a diploid species (2n=12), there has been relatively modest progress in developing a good genetic understanding of the crop. In large part this can be attributed to the exceptionally large size of faba bean genome, approximately 13.4 Gb [3] , the largest genome in the grain legume family. Assembly of a draft genome of the crop has remained elusive. However, the provision of a detailed transcript profile from the seeds of this species from contrasting phenotypes could provide candidate genes and functional groups implicated in the control of the more important agronomic traits and at the same time, provide a useful platform from which a gene map could be assembled for the species.
RNA-Sequence technology has been used to generate genomewide transcriptome profiles across a wide range of crops including rice [4] , maize [5, 6] chickpea [7, 8] field pea [9, 10] and Raphanus sativus [11] . However, the relevant works on faba bean [12, 13] have focussed on describing genome-wide expression levels in leaves, stems and T-cells rather than of the large seeds which represents the harvested part of the plant and so holds greatest agronomic interest, and there is no gene expression profiles report for faba bean seeds. Hence, we applied RNA-Seq (Quantification) technology in this study, to discover the gene expression profiles of faba bean seeds from five Australian faba bean varieties and one breeding line with contrasting major seed traits. RNA-Seq (Quantification) is used to analyze gene expression of certain biological objects under specific conditions [14, 15] . It is a cost-effective quantification method that produces This article is available in: http://www.imedpub.com/applied-microbiology-and-biochemistry
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was subjected to quality control (QC) that determined if a resequencing step was needed. After quality control, raw reads were filtered into clean reads which were transformed to fq format, and aligned to the reference sequences at the same time. QC of alignment was performed to determine if resequencing was needed (Figure 2 ). The alignment data was utilized to calculate distribution of reads on reference genes and mapping ratio. If alignment results passed QC, we proceeded with downstream analysis including gene expression and deep analysis based on gene expression (PCA/correlation/screening differentially expressed genes and so on). Further, we performed deep analysis based on DEGs, including Gene Ontology (GO) enrichment analysis, Pathway enrichment analysis, cluster analysis, protein-protein interaction network analysis and finding transcriptor factors. Here we present the report of the data and result up to Gene Ontology analysis.
Faba bean seeds genome assembly
The Trinity method [18] was applied for the de novo assembly of full-length transcripts of these faba bean seeds. Trinity comprises of three sequential software packages (Inchworm, Chrysalis and Butterfly) to process large volumes of RNA-Seq reads in the absence of a reference genome sequence. Each package performs a different function. Inchworm assembles the RNA-Seq data into the unique sequences of transcripts and often produces full-length transcripts for homozygous or dominant isoforms. Inchworm only reports the unique portions of alternatively spliced transcripts. Chrysalis associates the Inchworm contigs into clusters and constructs a de Bruijn graph for each cluster. Each cluster represents the transcriptional diversity for a given gene (or gene family). The package then divides the full read set between these disjoint graphs. Finally, Butterfly traces the path high reproducibility, high accuracy and wide dynamic range. RNA-Seq can be applied in drug response, biomarker detection, basic medical research, and drug R&D. RNA-Seq can be applied in gene expression analysis, differential gene expression analysis, expression pattern analysis of Differentially Expressed Genes, and Gene ontology classification R&D. The advantages of this technology are as follows: (1) Digital signal and no background noise, can identify sequence differences at the base level; (2) Genes with high or low expression both can be detected; (3) Accurate quantitative results and excellent technology repetition; (4) Both model and non-model organisms can be researched and (5) Analysis of results can be updated in pace with database updating.
Materials and Methods
Five Australian faba bean varieties (Farah, Nura, PBA Rana, PBA Warda, and PBA Zahra) and one breeding line (AF06125) were used for the RNA-Seq (Quantification) technology analysis. These varieties represent the range of diversity among Australian faba bean varieties and include diverse germplasm within their pedigrees [16] . The six genotypes differ for a number of major traits such as Hydration Capacity, time of flowering, seed staining due to Pea seed-borne mosaic virus (PSbMV) and resistance to fungal diseases including Ascochyta blight and rust.
Total RNA extraction
Mature faba bean seeds were ground to powder in liquid nitrogen and dispensed into 500 µL Trizol (Invitrogen, China). After adding 100 µL of chloroform, the mixture was vortexed and chilled on ice for 15 min. The chilled mix was subjected to centrifugation (6500 x g) at 4°C for 30 min. The upper (aqueous) phase was retained, mixed with an equal volume of 70% ethanol (in DEPC H 2 O). RNA in the solution was then purified using an RNeasy kit (Qiagen, Australia) according to the manufacturer's instructions.
The diagram of the RNA-Seq experimental process shows the steps for the experimental pipeline. Total RNA samples were treated with DNase I (New England Biolabs, China) to degrade any contaminating DNA and then enriched for mRNA with oligo (dT) magnetic beads (Figure 1) . The mRNA was fragmented into short fragments (about 200 bp) and cDNA synthesized by random hexamer-primed reverse transcription [17] . Buffer, dNTPs, RNase H and DNA polymerase I were added to synthesize the second strand. The double stranded cDNA was then purified with magnetic beads, end repaired and Ion Proton adaptors ligated (an adapter with barcode and P adapter). Ligated ds cDNAs were size-selected and purified on a 1% (w/v) TAE-agarose gel. Finally, the fragments were enriched by PCR amplification, purified using magnetic beads and dissolved in the appropriate amount of Epstein-Barr solution. During the QC step, Agilent 2100 Bioanaylzer was used to qualify and quantify the sample library. The library products were ready for sequencing on the Ion Proton platform performed by the Beijing Genomics Institute (BGI-Shenzhen).
The Bioinformatics Analysis pipeline shows that the primary sequencing data produced by Ion Proton, called as raw reads, that reads or pairs of reads follow within a graph and so thereby generate full-length transcripts for alternatively-spliced isoforms whilst also isolating any transcripts from paralogous genes.
The file inchworm.K25.L25.DS.fa was the intermediate set while file Trinity.fasta was the final result of Trinity. The parameters of Trinity were as below:
--min_contig_length 100 --min_kmer_cov 3 --inchworm_cpu 8 --bfly_opts '-V 10 --edge-thr=0.05 --stderr' --group_pairs_distance 250 --path_reinforcement_distance 100 --bflyHeapSpaceMax 3G --bflyHeapSpaceInit 1G Then file Trinity.fasta was taken into further processes of sequence splicing and redundancy removing with sequence clustering software to acquire non-redundant Unigenes as long as possible by TGICL and Phrap softwares to get the final outcome file called All-Unigene.fa. The parameters of TGICL were -l 40 -c 10 -v 25 while the parameters of Phrap were -repeat_stringency 0.95 -minmatch 35 -minscore 35.
The resultant Unigenes were divided into two broad classes: Clusters and Unigenes. Clusters are denoted by the prefix CL followed by the cluster id. Within clusters, there are a number of Unigenes where the similarity between the individual Unigenes is more than 70%. The remainder are deemed singletons, and allocated the prefix Unigene.
Post-assembly analyses
Quality analyses: Sequence saturation analysis was performed to provide an estimate of the coverage of expressed genes detected in the analysis for each genotype. A plotted growth in Unigenes showed that as the absolute number of reads increased the number of detected genes increased. Then, a read distribution analysis across all Unigenes was employed to test for randomness of reads across transcripts. If randomness is good, coverage (Tag counts) across the transcript should be fairly evenly distributed, with neither a strong decline nor accumulation of tags occurring from 5' to 3' end of the transcript.
Gene Expression
Expression levels of individual Unigenes were quantified using the software package Sailfish [19] . This package operates in two sequential phases: indexing and quantification. The index is assembled from a set of reference transcripts and a specified k-mer length, k. The program then estimates maximum likelihood abundance using the Expectation-Maximization (EM) algorithm as a statistical basis to determine which transcripts are isoforms of the same gene. Expression level was measured in reads per kilobase per million mapped reads (RPKM) according to the following formula:
Where C is the number of reads that are uniquely aligned to a specified gene (A), N is the total number of reads uniquely aligned to all genes and L is the length of the specified gene (A) in bases. The RPKM method was selected because it is able to eliminate the influence of different gene length and sequencing level on the calculation of gene expression. This means the calculated gene expression can be directly used for comparing the different expression between samples.
Correlation between samples
Linear correlation of RPKM values was used to assess the robustness of experimental comparisons made between genotypes.
Screening for Differentially Expressed Genes
Screening for differentially expressed genes was based on the Poisson distribution method described by [20] and corrected P-values using the Bonferroni method [21] . Since DEG analysis generates a large multiplicity of problems in which thousands of hypotheses (is gene x differentially expressed between the two groups) are tested simultaneously, correction for false positive (type I errors) and false negative (type II) errors was performed using the False Discovery Rate (FDR) method [22] . We used FDR ≤ 0.001 and the absolute value of Log2Ratio ≥ 1 as the threshold to judge the significance of gene expression difference. Finally, Differentially Expressed Genes (DEGs) were subjected to Gene Ontology (GO) functional analysis.
Results
A similar quantity of clean cDNA reads was obtained from all six genotypes with total reads varying only slightly between the 11.0 M reads for PBA Warda to 13.4 M for AF06125, and with an overall mean across all lines of 12.6 M reads encompassing a mean total read length per genotype of 1,624 Megabase pairs. The GC content of cDNA reads was similarly stable between genotypes, with an overall mean of 45.07% GC across all genotypes varying only slightly between 44.79% (Farah) and 45.84% (PBA Zahra) ( Table 1) .
Faba bean seeds genome assembly
The approach yielded a mean gene classification of 97.9%, with success rates varying within the range 97.6-98.6% between genotypes (Table 1) . Unigenes were divided into two broad classes according to the distinctiveness of their RNA sequence, viz: Clusters and Unigenes. In all, we identified 47,621 Unigenes that exceeded the threshold length of 300 bp. There was a near log-linear decay in Unigene size beyond 300bp with a median gene length (N50) of 803 bp, and a maximum length of 6,656. Overall, there were 7,092 Unigenes that exceeded 1 kb in length, 1,350 longer than 2 kb and just 229 above 3 kb (Figure 3 and 4 ). There was a high level of consistency between genotypes in the number of expressed unigenes inferred by Trinity, with the total number per genotype varying from 37,001 (AF06125) to 40,434 (Nura), and with an overall mean of 38,712 Unigenes per genotype.
A series of control analyses was undertaken to assess the quality of the RNA-Seq data generated. First, the proportion of unmapped reads was <2.5% for all genotypes surveyed, suggesting that the frequency of aberrant reads must have been extremely low. Second, the coverage of reads across the unigenes identified was evenly distributed, with only the extreme 3' and 5' ends being relatively under-represented (Supplementary Figure  S1 , Supplementary Table S1 ). Third, overall correlation between genotypes in their RPKM values and recorded r2 values were above the 0.92 threshold recommended by ENCODE consortium in all pairwise comparisons (Supplementary Table S2 ). Finally, sequence saturation analyses revealed that Unigene detection was approaching saturation for all genotypes, with estimated total coverage of seed transcriptomes ranging between 86% and 96% (Supplementary Figure S2) . Therefore, it is concluded that genome maps were of high quality and provided good coverage of the faba bean seeds map. (RNA sequences data were deposited at National Centre for Biotechnology Information (NCBI) as BioProject ID PRJNA319071 and SRA accession reference number is SRP074308. The faba bean Assembly data were deposited in Figshare: The data DOI is: Digital Object Identifier 10.6084/ m9.figshare.4910039).
The variation in transcript appearance between the six genotypes provided a measure of consistency expected across the crop. In a qualitative sense, there were very few genes that were unique to individual genotypes. Indeed, genotype-specific genes decreased in abundance from a maximum in PBA Zahra (324 genes) to PBA Rana (128 genes), with intermediate genotypes following the order: Farah (292), Nura (219), PBA Warda (176) and AF06125 (173). In all pairwise comparisons of genotypes, the majority of genes were co-expressed between seed transcriptomes (Supplementary Figure S3) , with pairwise divergences (upregulated plus down-regulated differences) varying between 8,661 and 12,337 genes, compared with the number of coexpressed genes fluctuating between 30,239 and 35,884. Overall, there was a mean of 24.2% (range 19.2-29.0%) of genes that were differentially expressed between pairs of genotypes. Thus, our results imply that there is relatively modest variation between genotypes in the identity of genes expressed in their seeds but significant differences in the level of expression. Of the genotypes included in the study, the seeds of AF06125 hold particular agronomic interest in that they have outstandingly high hydration capacity (HC) values [23] . The 173 genes specific to this variety were therefore seen as being of interest as potential candidates contributing to this trait.
Differentially expressed genes (DEGs) between varieties
The comparison of gene expression levels between genotypes was aided by the high level of consistency in the total number of RNA reads and genes recovered from each genotype (Table 1) . Pairwise comparisons of genotypes for global expression levels revealed relatively large numbers of significantly differentially expressed genes (Table 2 ). An unrooted tree compiled using the genes that were significantly differentially expressed between genotype pairs revealed little obvious structure except 
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to suggest that PBA Warda possessed a slightly more isolated profile than the other genotypes (Supplementary Figure S4) . However, the high degree of consistency in the proportion and identity of differentially expressed genes seen between all pairs of genotypes when compared together (Figure 5 ; Supplementary Figure S5 ) suggested global variance among genotypes was both even and relatively modest.
DEGs between phenotypic traits groups
There was a relative evenness of gene presence and DEGs distribution for comparisons of pairs of individual genotypes. While the comparison between the phenotype groups was also similar for the two traits the scale of the variation was much lower than for the individual genotype comparisons. These DEGs were to identify provisional candidates that may be associated with their highly divergent seed features of economic interest. 
AF06125-VS-PBAWarda 9136 7825
Farah-VS-Nura 8059 8794
Farah-VS-PBARana 7050 11220
Farah-VS-PBAWarda 6947 10026
Nura-VS-PBARana 7285 10885
Nura-VS-PBAWarda 6584 9159
PBARana-VS-PBAWarda 8871 8316
PBAZahra-VS-AF06125 7906 10091
PBAZahra-VS-Farah 11245 8101
PBAZahra-VS-Nura 10763 8497
PBAZahra-VS-PBARana 9136 10314
PBAZahra-VS-PBAWarda 8744 9024
groupA-VS-groupB 1147 319
groupC-VS-groupB 982 174
groupH-VS-groupI 328 175 Figure 6 ).
Gene ontology (GO) genes functional classification
Gene Ontology (GO) functional enrichment analysis integrates cluster analysis of gene expression patterns. GO genes were classified into three clusters based on function, namely Biological Process, Cellular Component and Molecular Function. There was remarkable consistency in the profiles of DEGs identified between the highest HC genotype (Group B) and the other two groups (Figure 7) . In the Biological Processes component, metabolic processes represented the most significant GO cluster of DEGs in both comparisons, followed by Cellular Processes and Single-Organism processes. Cell, Cell parts, Organelle and Membrane/Macromolecule complexes dominated DEGs in both comparisons for the Cellular Component. Finally, the Molecular Function component was overwhelmingly dominated in both comparisons by Binding and Catalytic Activity.
The GO profiles were near identical for the comparison of groups according to susceptibility to seed staining caused by PSbMV (Group H vs. Group I), (Figure 7 ) despite the composition of the two groups being radically different.
Given the close similarity of GO profiles generated between the two phenotypic traits pools, further comparison of the GO profiles was generated for all pairs of different genotypes. There was strong consistency between all pairwise GO profiles that matched those seen in the pooled experiments (Supplementary Figure S6 ).
Discussion and Conclusion
There are essentially two computational approaches used to reconstruct transcriptomes from cDNA libraries: Map-first and Assembly-first methods [24] . The former initially aligns all reads to a reference genome before merging sequences that overlap the reference genome to form contigs and annotating. The latter starts by assembling overlapping contigs from RNA reads to compile transcripts, potentially allowing the characterisation of a transcriptome in the absence of a reference genome. There have been many studies that have successfully deployed RNASequence approaches to generate global transcriptome profiles [25] often using closely related species to provide a reference genome.
The Trinity method for the de novo assembly of full-length transcripts was applied for faba bean seeds. Trinity contains three sequential software packages (Inchworm, Chrysalis and Butterfly) to process large volumes of RNA-Sequence reads in the absence of a reference genome and has become the most popular approach for the characterisation of RNA-Sequence data of non-model plants [26] [27] [28] [29] [30] [31] [32] . However, the approach is not free of problems and it is prudent to perform several quality tests on the RNA-Sequence data and the resultant assembly prior to deeper analysis. The four tests used here all indicated the RNA-Sequence data generated was of high quality for all runs. Specifically, unmapped reads was invariably low <2.5%, read coverage was evenly distributed across the full length of the genome, correlation between RPKM values of individual genotypes were all within the 0.92-0.98 range advocated by the ENCODE Consortium (https://genome.ucsc.edu/ENCODE/protocols/dataStandards/ ENCODE_RNAseq_Standards_V1.0) and Unigene detection was approaching saturation for all genotypes. These features allowed us to interrogate the data more thoroughly.
In gross terms, the five varieties (Farah, Nura, PBA Rana, PBA Warda, and PBA Zahra) and one breeding line (AF06125) included in this study yielded a total of 47,621 Unigenes across all genotypes and a mean count of 38,712 per genotype. This represents the most comprehensive coverage of faba bean seed mRNA transcripts performed to date. There are three recent publications related to transcriptome analysis of faba bean. The first [10] used pooled samples from leaves, flowers, immature pods, and immature seeds; and seedling-derived roots and shoots from two varieties Icarus and Ascot. RNA sequencing by 454 Roche GS FLX Titanium Technology, generated 41,049 transcripts with annotation, and Unigene number of 18,052. The second by [12] used whole roots, leaves, stems and flowers of one variety Fiord, for RNA sequencing by Illumina platform. This generated 21,297 contigs (17,160 annotated) for V.faba Transfer cell development. The third [13] studied leaves of two faba bean genotypes (29H -resistant to Ascochyta bight and Vf136 -susceptible to Ascochyta blight) following inoculation of Ascochyta fabae. Only 393 and 457 transcripts over-expressed in those two varieties respectively in response to the infection.
Closer examination of our results revealed that the seed transcriptome of faba bean has an unremarkable GC content: [33] . Of greater note was the low number of transcripts found to be Unique to a particular genotype. There was a mean frequency of just 0.56% genotype-specific Unigenes among the six genotypes studied (range 0.36% (PBA Rana) to 0.82% (PBA Zahra)). The true value is likely to be even lower than this given that although all libraries were approaching saturation none was completely saturated and so it is possible that rarer transcripts that are universally present may nevertheless occasionally only be detected in one genotype. Thus, there was only modest genotype-unique genetic variation amongst the study set, despite their relatively wide overall genetic variability. This feature could have value in helping to identify candidate genes responsible for traits found only in one of the six genotypes. For example, Hydration Capacity (HC) is a feature that describes the uptake of water during soaking prior to cooking or canning. It is expressed as the percentage of weight gain during a standard time of soaking (usually 16 hours). Water enters the seed via a lacuna in the testa at the raphe, fills the space between testa and the cotyledons and then diffuses into the cotyledons [34] . There are many possible routes by which variation in HC could be mediated. A forward genetics approach to address this problem is made extremely difficult by the large size of the faba bean (Group B) hydration capacity and low (Group H) compared to high (Group I) seed staining due to pea seed-borne mosaic Virus. WEGO software was used for GO functional classification for DEGs and to understand the distribution of gene functions. GO genes were classified into three clusters: biological process, cellular component and molecular function. In the biological processes component, metabolic processes represented the most significant GO cluster of PEGs, followed by cellular processes and singleorganism processes; cell, cell parts, organelle and membrane/macromolecule complexes dominated for the cellular component; and binding and catalytic activity was dominated in the molecular function component.
genome. Similarly, a treatment-control based transcriptomic approach (Hydrated vs. pre-hydrated control comparison) is equally unlikely to yield results because the physical features of the seed causing high HC are almost certainly set during seed maturation and not at the time of processing. In our study, one of the six genotypes (AF01625) possessed markedly raised HC values relative to the other genotypes and yet possessed only 173 genotype-specific Unigenes that could include candidates responsible for this particularly problematic agronomic trait. Clearly, work would be needed to refine the search but the study has at least provided a platform for further work.
In contrast, quantitative comparison of expression revealed relatively large numbers of DEGs between pairs of genotypes and arguably provided a more direct route for enhancing mechanistic understanding of important seed traits. Here, the high degree of consistency in the proportion and identity of differentially expressed genes between all genotype pairs suggested global variance among genotypes was even. The two comparisons made by screening DEGs between the highest HC genotype AF01625 with a group of intermediate genotypes, and with a genotype with lowest HC, which yielded modest numbers of DEGs (1,466 from the former and 1,156 from the latter) although both were far higher than the 173 genotype-specific transcripts identified above and will require more work to identify candidate genes. At first glance, the remarkable consistency in the Gene Ontology profile of these two comparisons could be taken as being mutually supportive. However, as discussed below, caution should be exercised when interpreting GO profiles [35] . The trait of seed staining caused by PSbMV infection, a virus that causes reduced marketable quality of seed in legumes, with faba bean varieties frequently being susceptible to the disease [36, 37] . This is a trait where genome size makes it difficult to deploy forward genetics approaches and where concern is not restricted to resistance per se but also includes the absence of symptoms. It therefore provided a useful tool to assess the number of background DEGs expected between equal groups of genotypes and provide a control GO profile of those DEGs identified. In the event, there were smaller numbers of DEGs identified between these pools (1.1%, 503/47,323) than between the two HC pool comparisons (2.5% and 3.1%). A comprehensive set of pairwise comparisons between individual genotypes generated a wide range in the percentage of DEGs detected (19-29% of Unigenes) but also yielded astonishingly stable GO profiles. Consistency between these many GO profiles generated in the present work should be viewed as revealing of the categories of gene attributes that are most and least variable for mature faba bean seeds. This is the most comprehensive, high quality RNA-Seq data set for mature seeds of the problematic crop (Faba bean), and spanning 6 diverse genotypes. This resource will provide a platform for future efforts to characterise the large genome of the species and to improve mechanistic understanding of the economically important seeds of this species [38] . Comparison of the genotype AF01625 with the other genotypes identified 173 genotype-specific transcripts that could serve as candidates for the important Hydration Capacity trait [39] [40] [41] .
